Periodontal disease is a progressive disease that begins with the formation of a polymicrobial biofilm that ultimately consists of several hundred species of endogenous bacteria. Treponema denticola, a member of the "red microbial complex," occurs in high numbers in periodontal lesions (42) . Recent data suggest that T. denticola may also be associated with low birth weight (28) and esophageal cancers (25) . In spite of the established importance of this organism in human health, little is know regarding its global regulatory networks and the dynamics of its transcriptional expression patterns. Two-component systems (TCS), which are ubiquitous in the bacterial world (49) , serve as important sensory systems that allow living organisms to respond to changing environmental conditions. The importance of these systems in biofilm formation and in the regulation of the expression of virulence factors has been demonstrated for numerous pathogens (14, 24, 26, 34, 43) . Classical TCS consist of a histidine kinase and a response regulator. Upon receiving the appropriate stimulus or upon ligand binding, the kinase autophosphorlyates at a conserved His residue. This is followed by the transfer of the phosphate to a conserved Asp residue present in the receiver domain of the response regulator (33) . This results in conformational changes in the output domain of the response regulator that allow it to mediate DNA binding, specific protein-protein interactions, or enzymatic activities that influence regulation of transcription and cellular activity (9) .
Annotation of the T. denticola genome has identified eight putative histidine kinases and nine putative response regulators (40) . In this study we have initiated the analysis of one of these putative TCS, consisting of the T. denticola open reading frames (ORFs) tde0032 and tde0033, which encode a putative sensor kinase and response regulator, respectively. Here we demonstrate that both tde0032 and tde0033 are universal among T. denticola isolates, highly conserved, cotranscribed, and regulated by growth phase. The tde0032 product was found to autophosphorylate and to transfer phosphate to the tde0033 product. Based on the properties of these proteins and the proximity of the genes that encode them to tde0037, encoding a member of the AbrB protein family (a DNA binding, growth-phase-dependent transcriptional regulator) (10, 35, 39, 41, 44, 45, 47) , we henceforth refer to the tde0033 product as AtcR (AbrB-associated two-component response regulator) and to the tde0032 product as AtcS (AbrB-associated twocomponent sensor kinase). The data presented here suggest that AtcR and AtcS may form a TCS that serves as an important regulator of T. denticola growth-phase-specific metabolism. This study is the first to demonstrate a functional TCS in an oral spirochete and to explore the possible regulatory networks in the periodontal pathogen T. denticola.
MATERIALS AND METHODS
Bacterial strains and culture conditions. T. denticola strains 33520, N17A1, MS25, N16B1, 35404, 35405, and GM1 were cultivated in NOS medium (ATCC medium 1494) under anaerobic conditions (5% H 2 , 20% CO 2 , 75% N 2 , 37°C). Growth was monitored by dark-field microscopy. All strains were isolated previously from human periodontal pockets.
Ligase-independent cloning, production of r-proteins, and generation of antisera. Recombinant proteins (r-proteins) were generated using a ligase-independent cloning approach as previously described (18) . The entire AtcR protein was cloned, while only the kinase domain of AtcS (amino acids 27 to 248) was used in the study. The genes were amplified using standard PCR conditions with primers harboring tail sequences that complement the single-stranded overhangs of the pET46 Ek/LIC vector (Novagen). The resulting amplicons were treated with T4 DNA polymerase to regenerate single-strand overhangs and then annealed into the vector as instructed by the supplier (Novagen). The resulting plasmids were propagated in Escherichia coli NovaBlue cells (Novagen). Expression of r-protein was conducted in E. coli BL21(DE3) cells by induction with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) (3 h, 37°C). Proteins expressed from the pET46 Ek/LIC vector possess an N-terminal fusion of 1.7 kDa consisting of a hexahistidine tag. The His-tagged r-proteins were purified to homogeneity using an Ni-nitrilotriacetic acid affinity matrix as instructed by the supplier (Qiagen).
To generate antisera, 50 g of each r-protein in Freund's complete adjuvant (Pierce) was subcutaneously injected into C3H-HeJ mice (4 to 6 weeks old). Boosts were administered at 2 and 4 weeks in Freund's incomplete adjuvant. The mice were sacrificed at week 6, blood was collected, and the specificity of the antiserum was confirmed by immunoblot analyses.
Qualitative and quantitative reverse transcription-PCR (RT-PCR). RNA was extracted from T. denticola 35405 propagated in NOS medium using the RNeasy RNA extraction kit (Qiagen). cDNA was generated using random hexamer primers and Superscript III reverse transcriptase (Invitrogen). Qualitative PCR was conducted using GoTaq master mix (Promega) and the primer sets shown in Table 1 . Amplicons were resolved by gel electrophoresis using 2% Metaphor agarose (Cambrex) and Tris-acetate-EDTA buffer. Real-time PCRs were carried out using Sybr green PCR master mix (Applied Biosciences) in an MJ Research Opticon 2 real-time thermocycler with the following cycling conditions: 95°C for 10 min followed by 40 cycles of 94°C for 15 s; 60°C for 30 s, and 72°C for 30 s. To generate standard curves for quantitation, amplicons of the genes of interest were cloned into the pCR2.1 TOPO vector (Invitrogen) and serial dilutions of the purified plasmids were used as template in real-time PCR. Data were expressed as the total number of calculated transcripts as a percentage of the total number of flaA transcripts.
TSS identification using 5 RACE. Transcriptional start sites (TSS) were identified using 5Ј rapid amplification of cDNA ends (RACE) (Invitrogen) as previously described (53) . Briefly, cDNA was generated using primers specific for the upstream regions of tde0037 (abrB), atcR (tde0033), and tde0031 and purified using Snap columns (Invitrogen). Purified cDNAs were 3Ј poly(C) tailed using terminal deoxyribonucleoside transferase and dCTP. The amplicons were then PCR amplified using the abridged anchor primer (Invitrogen), which anneals to the poly(C) tail, and nested gene-specific primers. A second round of PCR was then performed using a primer set consisting of the gene specific primer used in round 1 and the universal anchor primer (Invitrogen). The resulting amplicons were cloned into the pCR2.1 TOPO vector and the inserts sequenced on a fee-for-service basis (MWG Biotech).
Northern blot analysis. Total RNA was isolated from 100-ml cultures using the RNeasy Midi kit (Qiagen). RNA was fractionated in 1% agarose-formaldehyde gels (15 g per lane) using 1ϫ MOPS (morpholinepropanesulfonic acid) buffer and transferred to Hybond Nϩ nylon membranes (Amersham) by vacuum blotting (Pharmacia). Blots were screened with either oligonucleotide or PCRgenerated probes. Oligonucleotides (30 pmol) were 5Ј end labeled using [␥- ; Perkin-Elmer) and T4 polynucleotide kinase. PCR-generated probes were internally labeled using the NEBlot kit (NEB) and [[␣- ; Perkin-Elmer). All other methods, buffers, hybridization conditions, and washes were as previously described (17) . Hybridization was detected by autoradiography at Ϫ70°C with intensifying screens.
Autophosphorylation and phosphotransfer assays. To assess autophosphorylation of AtcS, r-AtcS (20 g ml ; Perkin-Elmer) in phosphorylation buffer (30 mM HEPES, 50 mM KCl, 10 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, pH 8.0) at 37°C. Aliquots of the reaction mixture were removed at 0, 10, 20, and 30 min. FhbB (a factor H binding protein) (18) and AtcR, proteins that are not expected to undergo autophosphorylation, served as negative control proteins. The reaction components were then solubilized in 2ϫ sodium dodecyl sulfate (SDS) sample buffer and immediately placed on ice. The samples were then subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using Criterion precast 12% gels (200 V, 1 h) and transferred to polyvinylidene difluoride membranes by electroblotting for subsequent autoradiography (at Ϫ70°C with intensifying screens).
The ability of AtcS to transfer phosphate to AtcR was assessed as follows. AtcS (20 g/ml) was incubated with 2 Ci [␥-32 P]ATP for 30 min in phosphorylation buffer, and then AtcR was added at a 3:1 ratio. Aliquots were then removed at 2-to 5-min intervals up to 55 min. The samples were then treated exactly as described in the preceding paragraph.
RESULTS
Distribution, sequence conservation, and functional domains of AtcS and AtcR. Annotation of the T. denticola genome sequence identified several putative sensor kinase and response regulator pairs (40) . The AtcRS pair (encoded by ORFs tde0032 and tde0033) is the focus of this report. The predicted functional domains and residues of both AtcS and AtcR are indicated in Fig. 1 .
AtcS is predicted to be a 29-kDa protein sensor kinase. The Tmap and TMpred algorithms indicate that the N-terminal domain of the protein has strong predictive probability of forming a transmembrane domain (Fig. 1A) , a feature that would be expected for a sensor kinase. AtcS harbors conserved H (His phosphorylation) and N and G box (nucleotide binding) functional domains that are typically found in histidine kinases ( Fig. 1A) (4, 43) . Three His residues are found within the predicted H box (Fig. 1A) . Initial de novo structural modeling based on the HMMSTR/Rosetta algorithm (5, 6) sug- gests that of these residues, His-57 and His-60 are the most likely to be potential phosphorylation sites since they are oriented into the nucleotide binding pocket. AtcR is predicted to be a 28-kDa response regulator, and as expected for a protein within this functional category, it lacks a leader peptide and transmembrane domains. AtcR has a CheY-like receiver domain (Fig. 1B ) that contains three Asp residues at positions 52, 54, and 59 that have the potential to serve as phosphate acceptors ( Fig. 1B) (13, 27, 38, 48) . AtcR also possesses a LytTR DNA binding domain (26) that spans the C-terminal 100 residues of the protein (Fig. 1B) . The potential significance of specific functional domains of AtcS and AtcR in T. denticola biology are discussed in detail below.
To assess the distribution and potential sequence conservation of atcRS, PCR analyses of seven T. denticola strains were performed using gene-specific primer sets. Amplicons of the predicted size were obtained from all strains tested, suggesting that this TCS is universal ( Fig. 2A) . Cloning of the amplicons and subsequent DNA sequence analyses revealed that both atcR and atcS are highly conserved. Amino acid similarity and identity values for both proteins among isolates were greater than 98% and 94%, respectively. The three histidine residues predicted to be possible sites of phosphorylation for AtcS are conserved in all strains. While the Asp residues of AtcR at positions 52 and 59 are generally invariant among the seven strains tested, in strain N16B1, the Asp at position 54 is replaced by an Asn. All other residues thought to be essential in the functional activities of histidine kinases and response regulators are conserved.
To assess the production of AtcS and AtcR by T. denticola, antiserum was generated using r-proteins and used to screen immunoblots of cell lysates from seven different strains. All strains were cultivated for 6 to 8 days and were highly motile at the time of harvesting. The anti-AtcS antiserum reacted with a single protein band of the appropriate size in all strains (Fig.   2B ). The anti-AtcR antiserum also reacted with a protein of the predicted size (data not shown). R-AtcS and r-AtcR were used as the positive controls for immunodetection, and an unrelated His-tagged protein (ORF tde0492) served as the negative control.
Transcriptional analysis of atcS and atcR. Sensor kinase and response regulator pairs of TCS are typically cotranscribed as a polycistronic mRNA. To determine if atcR and atcS are expressed during in vitro cultivation as an operon, RT-PCR analyses were conducted using internal primer sets specific for each ORF and a primer set designed to amplify across the intergenic spacers (Fig. 3A) . These genes were found to be expressed in vitro and to be cotranscribed. To determine if additional genes (Table 2) are cotranscribed with atcR-atcS, further RT-PCR analyses were performed. A separate and distinct operon consisting of the four genes that are located just upstream of the atcRS locus was also detected. This operon consisted of ORFs tde0034 through tde0037. The potential functional roles of the proteins encoded by these ORFs are described in Table 2 . The RT-PCR analyses also revealed that the two ORFs downstream of atcS (tde0030 and tde0031) are expressed independently but can also be cotranscribed with the atcRS TCS.
As a means of assessing the relative abundances of the different transcripts derived from the atcRS operon and its surrounding genes and to confirm the operonic structure of these transcriptional units, Northern hybridization analyses were performed. RNA was harvested from stationary-phase spirochetes, separated by formaldehyde-agarose gel electrophoresis, and probed with radiolabeled PCR products targeting tde0029 or tde0031 and an oligonucleotide targeting atcS. A probe to tde0029 was used as a negative control, as this ORF was not found to be expressed by T. denticola under any of the conditions tested as inferred from RT-PCR analyses. As predicted, the tde0029 probe did not hybridize. Probes targeting the atcRS operon hybridized with a 1.5-kb transcript, which corresponds with the predicted size of a transcript consisting of atcR and atcS. The probe to tde0031 bound to a transcript that is consistent with the size of tde0031 and tde0030 together (1 kb). The fact that these probes did not detect larger transcripts suggests that the colinkage of some genes inferred by RT-PCR may indicate that these larger transcripts are minor species expressed at low levels. Focusing on the atcR and atcS genes, the primary transcriptional unit for these genes appears to be a two-gene operon.
To identify the TSS for the genes and operons in the atcRS gene cluster (tde0031 through tde0037) and to further localize the transcriptional control elements, 5Ј RACE analyses were performed. The amplicons obtained from these analyses were TA cloned and sequenced. Three TSS were analyzed (indicated in Fig. 3A) . One TSS mapped just upstream of atcR and presumably serves as the primary TSS for the atcRS operon. A second TSS mapped upstream of tde0031 and thus appears to be the initiation site for the tde0031-tde0030 operon. The final TSS, which localized upstream of tde0037, serves as the TSS for the tde0037-tde0034 operon. Analysis of the sequence upstream from each of these TSS (conducted using the virtual footprint algorithm at www.prodoric.de) revealed the existence of conserved ␦ 70 -like Ϫ10 and Ϫ35 sites (Fig. 4) . Virtual footprint analysis also predicts an AbrB family transcription factor binding site that overlaps the Ϫ35 site in the promoter region of tde0037. Since tde0037 encodes an AbrB homolog, the presence of this binding site just upstream of the coding sequence suggests that AbrB may autoregulate, consistent with what is seen for Bacillus (46) .
Analysis of AtcR and AtcS expression levels in log-and stationary-phase spirochetes. The data above demonstrate that both the AbrB homolog (encoded by tde0037) and AtcRAtcS are expressed during in vitro cultivation. In other bacteria, AbrB transcription is influenced by growth phase (39, 47) . To determine if the expression of atcRS is similarly influenced by growth phase, RNA was extracted from spirochetes after 2 days (middle exponential phase) or 6 days (early stationary phase) of growth and the relative amount of the atcRS transcript was quantified by real-time RT-PCR. The flaA gene served as the control for a constitutively expressed gene. The expression levels of flaA have been demonstrated to be constitutive in all spirochetes analyzed (7, 31, 32, 36 ). The expression level of atcRS was low at day 2 (relative to that of flaA) (Fig. 5A) . However, at day 6 a 500-fold induction in atcRS transcript levels was observed, indicating that expression of this operon is responsive to growth phase (Fig. 5A) . To determine if the increase in mRNA levels seen during later stages of growth correlates with increased protein production, AtcS and AtcR protein levels were assessed in cells collected at days 2, 4, and 6. Immunoblots were generated and screened with antisera to AtcR and AtcS. Detection of the constitutively produced FlaA protein served as a loading control. Antisera raised against each protein detected a single band of the appropriate size in cells grown for 4 and 6 days, with little or no protein detected at day 2 (Fig. 5B) . The protein levels observed for AtcS and AtcR are consistent with those inferred from the real-time RT-PCR analyses, verifying that the TCS is indeed regulated by growth phase.
Demonstration of the phosphotransfer capabilities of the AtcRS TCS. To determine if AtcS undergoes autophosphorylation and can then transfer phosphate to AtcR, in vitro phosphorylation assays were conducted. Purified recombinant AtcS was incubated with [␥-
32 P]ATP as described in Materials and Methods (Fig. 6A) . A purified r-His-tagged T. denticola protein (FhbB) that binds complement regulatory proteins and AtcR served as the negative controls (18) . Specific and timedependent incorporation of radiolabeled phosphate into the AtcS band was observed. There was no incorporation of label into the negative control proteins. These data demonstrate that AtcS undergoes autophosphorylation.
Next, the ability of AtcS to transfer phosphate to AtcR was assessed. First, AtcS was allowed to autophosphorylate as de- scribed above. Then purified AtcR was added with a 1:3 stoichiometry of AtcS to AtcR. Aliquots of the reaction mixture were removed over time and analyzed by SDS-PAGE and autoradiography. Rapid transfer of phosphate from AtcS to AtcR was observed (Fig. 6B) . By 10 min after addition of AtcR, no further accumulation of phosphate on AtcR was detected. Importantly, phosphate labeling of AtcR occurred only in the presence of phosphorylated AtcS indicating the specificity of the labeling and phosphotransfer reaction (data not shown). It is noteworthy that phosphotransfer occurred only if AtcS was preloaded with phosphate. When AtcR and AtcS were combined prior to the addition of [␥-32 P]ATP, no labeling of AtcR was observed even after an hour of coincubation (data not shown). These results are discussed in detail below.
DISCUSSION
T. denticola persists in a highly competitive environment in terms of both microbial diversity and nutrient fluctuation. As such, it must be able to rapidly adapt to changing environmental conditions. Little is know about the global regulatory networks of this important human pathogen. Here we present the first analysis of a TCS in any oral spirochete. The focus of this study is the putative TCS encoded by ORFs tde0033 and tde0032, whose products we have designated AtcR (response regulator) and AtcS (sensor kinase), respectively. The genes encoding these proteins were found to be conserved and universal among T. denticola isolates, suggesting an important role in T. denticola biology.
As is typical for kinase-response regulator pairs, atcR and atcS were determined to be cotranscribed. The orientation and intergenic spacer lengths of genes upstream and downstream of atcRS raised the possibility that additional genes may be cotranscribed with atcRS or separately as polycistronic mRNAs. RT-PCR analyses provided suggestive evidence that ORF tde0031 is cotranscribed with atcRS. However, mRNA of a size that would correspond to this larger polycistronic mRNA was not detected by Northern blotting in in vitro-cultivated spirochetes. Hence, during in vitro cultivation the dominant transcriptional unit for atcRS is as a bicistronic mRNA. Surrounding ORFs also form operons. The downstream ORFs tde0031 and tde0030 were cotranscribed, and the four immediately upstream genes (ORFs tde0034 through tde0037) also formed a transcriptional unit. ORF tde0037 (designated abrB) encodes a putative stationary-phase transcription factor of the AbrB family (39, 47) . It is part of a three-member gene family in T. denticola 35405. Based on the proximity of the atcRS operon to abrB, we hypothesized that atcRS expression might be responsive to growth state or cell density. Consistent with this, a nearly 500-fold increase in the atcRS transcript level was observed at day 6 of in vitro growth compared with the levels seen during early log phase (day 2). Immunoblot analyses confirmed that the increase in mRNA level correlates with a significant increase in AtcR and AtcS protein levels. The specific signals that initiate the upregulation of this TCS and the downstream effects of its upregulation are not yet known.
To further understand the molecular basis of the transcriptional regulation of the atcRS operon and its flanking genes, TSS analyses were performed. TSS were identified upstream of tde0037 (abrB), upstream of tde0031 (within the intergenic spacer), and upstream of atcR (within the 3Ј end of the tde0034 coding sequence). The predicted Ϫ10 and Ϫ35 regions associated with each TSS are consistent with ␦ 70 binding sites (based on the virtual footprinting algorithm). A consensus AbrB binding site that may allow for autoregulation through AbrB is present within the Ϫ35 promoter region of the tde0037-tde0034 operon (46) .
The AtcRS TCS has significant homology with the VirRS TCS of Clostridium perfringens (2, 22, 23, 30 ) and the C 4 -dicarboxylate TCS of Bacillus (51) . AtcR displays ϳ60% amino acid similarity with VirR, while AtcS is ϳ43 to 65% similar to the CitA domains of the C 4 -dicarboxylate sensors. The homology between AtcS and CitA domain proteins resides primarily in the H box of the kinase domain, a domain that is involved in the interaction of the sensor kinase with the response regulator (29, 50) . Hence, the homology between AtcS and dicarboxylate sensors may be attributed more to selective structural pressures and may not necessarily reflect a role of AtcS (and hence the AtcRS system) in sensing dicarboxylates. It is noteworthy that AtcR contains the unique LytTR-type DNA binding domain. LytTR domains have been identified in VirS and other transcriptional regulators of the AlgR/AgrA/LytR family (26) . While LytTR domains are abundant in oral bacteria, including the streptococci and Prevotella (www.tigr.org), T. denticola is the only spirochete that has been shown to possess this domain. Structural predictions of LytTR domains indicate that they are distinct from the helix-turn-helix and winged helixturn-helix DNA binding domains of most transcriptional regulators. LytTR domains appear to bind to a specific DNA sequence pattern in the upstream regions of target genes. Transcriptional regulators that possess the LytTR domain have been demonstrated to influence the biosynthesis of extracellular polysaccharides (15) , fimbriation, expression of exoproteins, quorum sensing (26) , and production of virulence factors (8, 30) . A search of the T. denticola genome sequence revealed the presence of nearly 50 potential LytTR domain interaction sites (unpublished data). However, considerable variation was observed in these putative sites. This is not surprising in light of the deep evolutionary branching of the spirochetes. Hence, it is premature to assume that these sites define the basis of transcriptional regulation by ActRS. Nonetheless, the presence of these related sequence motifs supports the hypothesis that the AtcRS TCS may be an important global regulator in T. denticola.
To further assess the potential ability of AtcR and AtcS to function as a TCS, r-proteins were generated and tested for their ability to autophosphorylate and or undergo phosphotransfer. Autophosphorylation of AtcS was demonstrated, and the phosphorylated protein was able to transfer phosphate to AtcR. The general paradigm for phosphotransfer is that the functional kinase exists as a dimer and cross-phosphorylation of the individual histidines by the activated kinase domains allows for a conformational change in the H box. The phosphorylated dimer forms a stable interaction surface whereby the response regulator is able to interact and phosphotransfer occurs (21, 29, 43, 50) . No well-defined dimerization domain is evident in AtcS. However, we noted that there is an alpha helix with high coiled-coil formation probability located in the Nterminal domain of the protein (16) . In spirochetes, coiled-coil domains have been demonstrated to be involved in the proteinprotein interactions (11, 12, 19, 20, 37) . In other bacteria, coiled coils have been shown to be central to the dimerization of several microbial proteins, including some transcriptional regulators (1, 3, 52). As detailed above, we found that phosphotransfer from AtcS to AtcR requires that AtcS first be preloaded with phosphate. A possible basis for this observation is that the rate of phosphotransfer is low and a threshold of phosphorylated dimers must be reached before phosphotransfer can occur. Upon addition of AtcR to the preloaded AtcS, phosphate appears to be quickly transferred, but then a state is reached where no further phosphotransfer occurs. This could be due to the concentration of phosphorylated dimers of AtcS falling below the essential threshold that is required for phosphotransfer.
In conclusion, AtcRS is the first functional TCS characterized in an oral spirochete. TCS most certainly play a key regulatory role in the ability of T. denticola to survive within a complex polymicrobial community and adapt to ever-changing environmental variables. With the demonstration of a functional TCS in T. denticola, it will now be possible to begin to dissect the global regulatory networks of this important disease-causing agent of humans.
